Mechanisms that enabled primitive cell membranes to self-reproduce have been discussed based on the physicochemical properties of fatty acids; however, there must be a transition to modern cell membranes composed of phospholipids [Budin I, Szostak JW (2011) Proc Natl Acad Sci USA 108:5249-5254]. Thus, a growth-division mechanism of membranes that does not depend on the chemical nature of amphiphilic molecules must have existed. Here, we show that giant unilamellar vesicles composed of phospholipids can undergo the coupled process of fusion and budding transformation, which mimics cell growth and division. After gaining excess membrane by electrofusion, giant vesicles spontaneously transform into the budded shape only when they contain macromolecules (polymers) inside their aqueous core. This process is a result of the vesicle maximizing the translational entropy of the encapsulated polymers (depletion volume effect). Because the cell is a lipid membrane bag containing highly concentrated biopolymers, this coupling process that is induced by physical and nonspecific interactions may have a general importance in the self-reproduction of the early cellular compartments.
protocell | self-division | entropy-driven transformation I t is believed that all modern living organisms originated from a primitive molecular aggregate, termed a protocell, through successive growth and division processes (1, 2) . However, it is unlikely that protocells possessed the sophisticated regulatory mechanisms that modern cells have. This riddle has challenged researchers to artificially synthesize a model cell system that could undergo growth and division using a simple set of molecular components (3) (4) (5) . Various physicochemical phenomena that can mimic essential cellular behaviors have been demonstrated experimentally.
In particular, vesicles consisting of fatty acids have been investigated extensively as a model of a protocell membrane (6-9) because fatty acids are considered to have existed in the prebiotic world (10) (11) (12) . Spontaneous uptake of micelles of fatty acids into preexisting vesicles, which increases the size of a vesicle, is often modeled as a primitive growth mechanism (7, 13) . In combination with mechanical shear-inducing division (fragmentation), fatty acid vesicles have been shown to undergo growth and division under certain experimental conditions (6, 14) . Similar uptake of amphiphilic membrane components, followed by the spontaneous birthing of daughter vesicles, has been demonstrated using a set of chemically synthesized molecules (15) (16) (17) . The key aspect in these systems is that the amphiphilic membrane components are efficiently incorporated due to their physicochemical natures or via chemical conversion.
In the mean time, the membranes of modern living cells are mainly composed of phospholipids, and a plausible scenario of the transition was proposed recently (18) . From a physical viewpoint, the typical phospholipids in the cell membrane have much lower critical micelle concentrations (on the order of nanomolar) than that of fatty acids (tens of millimolars) (9) , which indicates that phospholipid bilayer membranes are stable over a wide range of amphiphile concentrations, pH, and temperature. Thus, spontaneous incorporation of lipids is unlikely. Before a protocell obtained an ability to synthesize lipids on its own, the vesicle size increase could be achieved by vesicle-to-vesicle fusion initiated by various external stimuli (19) (20) (21) (22) or surface functionalization (23) (24) (25) (26) . Thus, it is conceivable that membrane fusion could be one of the primitive growth pathways for protocells composed of phospholipids. Interestingly, it is speculated that vesicle fusion not only increased the membrane but also supplied reaction substrates with low membrane permeability to increase the molecular complexity of the protocell (27) . Division (also referred to as fission or budding) of phospholipid vesicles has also been demonstrated to occur under various conditions, such as mechanical shearing (6, 14, 28, 29) , temperature changes (30), addition of monoacyl lipids (31) , phase separation (32) (33) (34) , and digestion of lipid molecules in the internal leaflet (35) . Despite these evidences, the coupled growth and division of phospholipid vesicles have not been realized because these processes take place under different conditions. A good combination of external stimuli (energy input) and spontaneous transition must be found to propose a possible pathway of proliferation of the lipid-based protocell.
In the present study, we show that the coupling of growth and division processes of giant unilamellar vesicles (GUVs) composed of phospholipids can be achieved by electrofusion and the spontaneous budding transformation that follows. We used an electric pulse to fuse GUVs, which could be one of the stimuli to fuse membrane in the prebiotic environment (36) . After gaining the excess membrane by fusion, a spontaneous budding transformation was shown to occur. We show that budding can be induced by encapsulating inert polymer molecules, which mimic cytosolic macromolecules. This membrane deformation is driven by maximization of the translational entropy of the polymers in the vesicle (37) . The combination of these entirely physical and nonspecific effects enables the recursive cycles of fusion and budding of giant lipid vesicles.
Results
Electrofusion of GUVs. We prepared GUVs with the membrane consisting of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (POPG), and cholesterol at a weight ratio of 18∶2∶1 using the water-in-oil (W∕O) emulsion transfer method (38, 39) , which can produce unilamellar vesicles with defined inner and outer aqueous compositions (38, 40, 41) . A small portion of POPG, a negatively charged lipid, was added to obtain dispersed GUVs by electrostatic repulsion (Fig. S1 ), whereas it did not alter the electrofusion process described below. We performed electrofusion of GUVs (19) under an optical microscope using a handmade chamber with electrodes mounted on a coverslip (Fig. 1A) . Application of a 150 V∕cm alternating current at 1 MHz aligned GUVs in lines (i.e., the pearl-chain formation), and the following three short pulses (60 μs) at 2 to 6 kV∕cm induced vesicle fusion. After fusion, we observed that the internal aqueous contents were mixed rapidly (Fig. 1B and Movie S1), confirming that multiple vesicles had fused into a single structure. When the applied voltage of the short pulses increased, the number of vesicles that fused together increased (Fig. S2A ). For example, at applied voltages of 4 and 6 kV∕cm, the probability of fusion in which four and five vesicles became a single vesicle was 18% and 13% of all of the fusion events, respectively. In contrast, no fusion events with more than four vesicles occurred at 2 kV∕cm. When multiple vesicles fuse at once, the surface-to-volume ratio increases, which is required for vesicles to have freedom for deformation.
Vesicle Shape Transformation After Fusion. We observed fused vesicles after electrofusion. Note that after fusion, no electric signal was applied. When there was no polymer encapsulated in the vesicles, the shape of the outermost membrane after fusion was mostly spherical (Fig. S3A and Movie S2). On the contrary, various shapes, such as torus, horseshoe, and elongated tubes, were observed when 3 mM PEG 6000 (2.5%wt∕wt) was included in vesicles ( Fig. S3B) . We confirmed that, in both cases, the total aqueous volume was conserved during the fusion process (Figs. S4 and S5). Without PEG, the excess membrane invaginated into the vesicle to form the multivesicular structure as a result of the vigorous electrofusion. However, in the presence of PEG, the extent of membrane invagination was relatively small, causing the excess membrane in the outermost shell to have various shapes.
Then, the shapes of fused vesicles containing PEG often transformed into an elongated shape, and finally resulted in a budded shape after neck formation ( Fig. 1 C-F and Movies S3-S6). This transition occurred typically within 1-10 min, whereas no change was observed for vesicles without PEG (Movie S2). The confocal microscope imaging ( Fig. 1 E and F, and Movies S5 and S6) revealed that the invaginated internal structures appeared right after the electrofusion were absorbed into the outer shell over time. This transition gave rise to a freedom in the outer membrane to deform, resulting finally in budding into multiple vesicles with mostly spherical shapes. Moreover, this shape transformation was not observed when the same concentration of PEG 6000 was present in both inner and outer solutions, or only in the outer solution. This result strongly suggests that budding transformation after vesicle fusion was induced by the PEG encapsulated inside vesicles.
Because PEG is used to induce the fusion of cells and liposomes (22) , the physical interaction between PEG and lipid membranes has been studied extensively (42) . PEG dissolved in the vesicle suspension interacts with lipid membranes nonspecifically, helping to aggregate vesicles by the depletion of PEG on the membrane surface. Therefore, we hypothesized that the depletion interaction induces the budding transformation. The classical hypothesis describing the depletion interaction suggests that, when polymers and other relatively larger particles (e.g., vesicles) are present in solution, particles aggregate together to reduce the volume around the particles (depletion volume, V dep ), which is limited by the gyration radius of polymers (43) (44) (45) (46) . This transition is favored because it increases the volume where polymers are able to move freely (V free ¼ V system − V dep ), thereby increasing the translational entropy of the system ( Fig. 2A) . In a system consisting of a membrane and the polymer solution on one side and under the constraint that the volume and membrane area are conserved, V dep decreases (in turn V free increases) as the integral of the membrane curvature increases (Fig. 2B) . Thus, the shapes with positive curvatures are thermodynamically favored if the gain of the entropy (reduction of the free energy) due to the increase of V free overcomes the energy necessary to bend the membrane. Recently, this hypothesis was tested using GUVs containing microbeads (1-μm diameter) at a volume fraction of approximately 50% (37) . However, this effect has not been studied with nanometric macromolecules, which are more biolo- gically relevant. We next sought to verify that the budding transformation observed was induced by PEG and dextran as the mimetic materials of cytosolic biopolymers.
Condition for Budding Transformation. We examined the extent of this hypothesis by encapsulating PEG 6000 at various concentrations. We evaluated the probability of the budding transformation by observing 50-400 fusion events induced at 6 kV∕cm in each PEG concentration. As mentioned previously, the relationship between the volume and surface area is an important parameter in determining vesicle shapes. The reduced volume, v red ¼ 6 ffiffiffi π p V A −3∕2 , where V and A are the volume and surface area of the vesicle, respectively, is often used as an indicator (47, 48) . The reduced volume represents the ratio of the vesicle volume to the volume of a sphere with the equivalent surface area (v red ¼ 1 for a spherical vesicle and v red < 1 for a vesicle with excess membrane area). To correlate this parameter to the probability of budding events, we estimated the V and A of fused vesicles as the sum of those of spherical vesicles before fusion. This evaluation is based on the assumption that these quantities are conserved during fusion and the transformation process, as confirmed by time-lapse 3D image acquisition using confocal microscopy ( Fig. S5) .
We plotted the probability of budding transformation over the total number of fusion events P bud ðv red Þ as a function of v red (Fig. 3A) . When the concentrations of encapsulated PEG 6000 (C PEG 6000 ) were 0 and 0.3 mM (0.25%wt∕wt), fused vesicles remained spherical, and no budding event was observed. However, at C PEG 6000 ¼ 1.5 mM (1.2%wt∕wt), the occurrence of the budding events was increased with a negative correlation to v red . Also, the budding events became more frequent at higher PEG concentrations. For instance, at C PEG 6000 ¼ 3 mM (2.5%wt∕wt), the P bud was 20% at v red ∼ 0.7 but reached approximately 70% at v red ∼ 0.5. At C PEG 6000 ¼ 6 mM (5%wt∕wt), P bud reached 100% at v red ¼ 0.5. Here we confirmed that the curve of P bud was independent of the applied electric voltage for fusion (Fig. S2B) . Moreover, similar transformation to the budded shape was confirmed without electrofusion when v red was reduced in the hypertonic condition (Fig. S6) . These results support that the budding transformation is not because of the electric pulse applied for fusion. Furthermore, budding transformation was also observed with vesicles prepared by the natural swelling method (Movie S7), confirming that this phenomenon is not specific to the vesicle preparation method that we used. These results support that budding is mainly dependent on the encapsulated PEG molecules and v red .
We next examined the dependence of P bud on the molecular weight of the PEG (Fig. 3B) , because the depletion volume should be proportional to the gyration radius of the polymer (SI Text). We found that P bud had a strong positive correlation with the molecular weight. With PEG 400, budding transformation was rarely observed even at the mass concentration (2.5%wt∕wt, C PEG 400 ¼ 62 mM) where budding occurred with PEG 6000 (2.5%wt∕wt, C PEG 6000 ¼ 3 mM). In contrast, P bud increased to 100% with PEG 20000 at C PEG 20000 ¼ 3 mM. We also examined the effect of a different polymer, dextran (Fig. 3C) . Although the critical concentration and the molecular weight at which vesicle budding occurs were greater than those of PEG, the identical budding phenomenon was observed. This observation excludes the possibility that budding transformation is only specific to the chemical nature of PEG.
The model based on the depletion volume effect explains the following major characteristics observed. First, at higher concentrations and/or higher molecular weights, budding transformation occurred more rapidly (Fig. S7 and Movie S8). This trend should be because, with a higher free energy difference between the bulk and depletion volume, the membrane continued to maintain its local curvature during fusion, resulting in quick budding transformation. Second, when a greater number of vesicles fused (i.e., v red < 0.5), we frequently observed budding into multiple vesicles with nearly spherical shapes (e.g., Fig. 1F ). We occasionally observed a transformation similar to the pearling instability reported previously (37, 49) . This observation is in agreement with the model that budding should continue until v red of each vesicle approaches one, where no excess membrane for deformation remains.
Estimation of the Free Energy. We performed a simple calculation to determine whether the depletion interaction is the major contribution in the present phenomena. Because the change in depletion volume occurring with the shape transformation is extremely small (the thickness equals the gyration radius of polymers, 1-10 nm), it is difficult to evaluate from the experimentally observed shapes. Thus, we estimated it by approximating the vesicle shapes to mathematically definable geometries (37, 50) . In our experiment, we often observed a transformation from the elongated tube to the doublet (budded) shape at the last stage of transformation (Fig. 4A) . Thus, we approximated these two shapes as a spherocylinder (a cylinder with half-spherical caps at the ends) and two spheres (doublet shape), respectively, and calculated the change in the free energy due to the difference of V dep between the two shapes, ΔE dep ( Fig. 4B ; see SI Text and Table S1 for derivation). Note that in this assumption, v red is approximately 0.7. Here, ΔE dep was calculated as ΔE dep ¼ ΔΠΔV dep , where osmotic pressure of encapsulated polymer ΔΠ was experimentally measured by the osmometer. ΔV dep is a function of the representative vesicle size (e.g., vesicle radius R) and the gyration radius of the polymer (r g ), which is scaled as ΔV dep ∝ r g 2 R. If jΔE dep j exceeds the bending energy of a lipid membrane necessary for transformation jΔE bend j, a doublet shape is thermodynamically preferred, and budding tends to occur. In polymer-encapsulating conditions where the budding transformation occurred in the experiments, [P bud ðv red ≤ 0.7Þ > 0.1, red bars], the calculated jΔE dep j was above 10 −17 J. Mean- while, jΔE bend j was derived as a scale-free value of 2πκ b ð3 − ffiffiffi 3 p Þ, where κ b is the bending coefficient of the lipid membrane. Assuming κ b ∼ 10 −19 J, jΔE bend j was estimated to be approximately 10 −18 J, so that the relationship jΔE dep j ≫ jΔE bend j holds due to larger gyration radius and concentration of polymers. In contrast, calculated jΔE dep j was smaller than or comparable to jΔE bend j in conditions where budding transformation was not observed (blue bars) due to smaller gyration radius and concentration of polymers. Thus, we can conclude that this rough estimation is consistent with the experimental results. Budding transformation was more frequent with PEG than with dextran at an identical molecular weight and concentration because PEG has a greater osmotic activity (22, 51) , resulting in a more substantial depletion interaction. Qualitatively, we can extend this discussion for transformations from multivesicular, torus, and horseshoe shapes (Fig. S3B) to a budded shape. Because these shapes possess negative curvature when viewed from the side with polymers, the vesicles should transform to increase the area with positive curvature, reducing the depletion volume. Consequently, fused vesicles result in multiple spherical shapes, which have the minimum depletion volume under the constraint of a fixed v red .
Repetitive Cycles of the Fusion and Budding Transformation. With the present system, the fusion-to-budding transformation can be induced repeatedly by applying an electric signal multiple times ( Fig. 5 and Movie S9). Interestingly, this refusion process was induced by applying the 1 MHz, 150 V∕cm ac source initially used for the alignment of GUVs, and dc pulses at high voltage were not necessary. The refusion may be facilitated by gentle stimulus due to the attachment of small membrane regions to each other. After the budding transformation, it often remains unclear whether the two vesicles in close proximity are connected or separated (52) . We observed the diffusion of the internal aqueous contents from one photobleached vesicle to the neighboring one (Fig. S8) . The result indicated that the aqueous volume in budded vesicles remained in separate compartments within the timescale of the experiment (approximately 10 min). Moreover, the budded vesicles occasionally separated as they drifted when there was a convectional flow in the observation chamber (Fig. S9) . We assume that the attached part of the membranes may be in a state of hemifusion (22, 53) , in which the internal volume is separated into distinct compartments.
Discussion
In this paper, we demonstrated the coupling of the fusion-tobudding transformation of phospholipid vesicles that mimics the growth and division of protocells using electrofusion and polymer-induced spontaneous vesicle shape transformation. After being elevated to the unstable state by fusion, the vesicle structure returns back to a state similar to the initial condition, which is thermodynamically (entropically) favored. Repetitive cycles were possible under the experimental condition because the constituents in the system remained identical after each cycle. In terms of the membrane physics, the emergence of spontaneous curvature due to the asymmetry of the solute across the membrane was predicted and demonstrated previously (-56), but experimental verification with macromolecules was insufficiently explored. It is worth mentioning that the observed spontaneous transformation was induced by inert macromolecules at a weight concentration of approximately 5%. Because the modern cell contains macromolecules at a concentration of approximately 30% (57), this depletion interaction-based self-division might have had a general influence in the prebiotic-to-modern evolutionary pathway. Indeed, the stimulus required to gain excess membrane is not limited to electrofusion; it could be any energy fluctuation that may have existed in the prebiotic world and/or incorporation by the internal synthesis. Vesicle transformation due to the physical and nonspecific interactions presented in this work serves as an important model for protocell proliferation.
Materials and Methods
Materials. POPC and POPG were purchased from Avanti Polar Lipids. Cholesterol was purchased from Nacalai Tesque. Green fluorescence-tagged lipid 2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine (BODIPY-HPC), red fluorescent protein R-phycoerythrin (R-PE), and fluorescein conjugated BSA (FITC-BSA) was purchased from Invitrogen. GFP was supplied from the lab stock. PEG and dextran with various molecular weights were purchased from Wako and Sigma Aldrich, respectively. The inner solution encapsulated in the vesicles was an aqueous buffer consisting of 50 mM Hepes-KOH (pH 7.6), 150 mM sucrose, 350 mM glucose, and polymers at various concentrations (0-6%wt∕wt). The outer solution of the vesicles was an aqueous buffer consisting of 50 mM Hepes-KOH (pH 7.6) and 500 mM glucose. When the polymer was included in the inner solution, glucose in the outer solution was increased to compensate the osmolarity.
Preparation of GUVs. We prepared GUVs with the W∕O emulsion transfer method as described previously (39) with slight modifications. POPC, POPG, and cholesterol at the weight ratio of 18∶2∶1 (total 21 mg) were dissolved in 210 μL of chloroform, and this mixture was mixed with 4.2 mL of liquid paraffin (128-04375; Wako). When visualizing the membrane, BODIPY-HPC was included at a 0.1% molar fraction to POPC. This solution was heated at 80°C for 20 min to completely dissolve the lipids and evaporate the chloroform. This solution (500 μL) was then transferred to a glass tube, to which 45 μL of the inner solution was added. When visualizing the inner aqueous phase, 15.5 μM GFP, 400 nM R-PE, or 5 μM FITC-BSA was included in the inner solution. This mixture was vortexed for 30 s to form a W∕O emulsion that was then equilibrated on ice for 10 min. A 400-μL aliquot of this emulsion was Constriction of the elongated shape develops towards budding. (Scale bar: 5 μm.) (B) ΔE dep calculated for the hypothetical transformation from a spherocylinder into two spheres (5-μm diameter was assumed) in various experimental conditions. Red and blue bars, respectively, represent the conditions in which the budding transformation occurred (P bud > 0.1) and did not occur (P bud < 0.1). The green horizontal line shows the estimated increase of bending energy of the membrane. gently placed on top of 400 μL of the outer solution in a new tube. With centrifugation at 18;000 × g for 30 min at 4°C, emulsions passed through the oil/water interface saturated by lipids to form a bilayer structure. Approximately 100 μL of the precipitated liposome suspension was collected through a hole opened at the bottom of the tube. To obtain the stable liposome concentration, 900 μL of the outer solution was added to this suspension and centrifuged again at 18;000 × g for 10 min at 4°C. Finally, 20 μL of the precipitate was collected and diluted with 250 μL of the outer solution.
In the present protocol, a small fraction of negatively charged lipid (POPG) was included to obtain dispersed GUVs with high yield (39) (also see Fig. S1 ).
We suppose repulsive force due to the charged POPG helped to disperse vesicles, whereas it was not strong enough to resist to the dielecrophoretic force inducing the pearl-chain formation.
For the control experiment, we prepared giant vesicles with the natural swelling method (Movie S7). An identical amount and ratio of lipids in chloroform was subjected to rotary evaporation to form a thin dry lipid film in the pear-shaped flask. A 1 mL aliquot of the inner solution was gently introduced to swell giant vesicles. To match the experimental condition, 500 μL of this vesicle suspension was mixed with 500 μL of the outer solution and then centrifuged at 18;000 × g for 30 min at 4°C. Finally, 20 μL of the precipitate was collected and diluted with the 250 μL of the outer solution.
Electrofusion Setup. The observation chamber to monitor the electrofusion of GUVs was assembled as follows. Two slips of copper ribbon (5 mm in width, 0.1 mm in height, and approximately 5 cm in length) were mounted onto a 60 × 24 mm 2 cover glass (Matsunami Glass) with an approximate 1-mm gap using a 25-μm thick double-sided tape (8171J; 3M). The gap between the copper slips was precisely measured by a micrometer every time to adjust the electric field for fusion. These slips were connected via clips to the signal generator for cell electrofusion (LF201; Nepa Gene). After immersing the chamber in a BSA solution, an 18 × 18 mm 2 cover glass was glued on top with grease as a lid. The vesicle suspension was applied to the gap between the copper slips through capillary action. The resistivity of the vesicle suspension was 6 ∼ 10 Ωcm. The electric signal used for vesicle alignment and fusion was explained in the main text.
Image Acquisition. Microscope images were obtained using an inverted light microscope (IX71; Olympus). Bright-field images were obtained through differential interference contrast observation (e.g., Fig. 1C) , and epifluorescence images (e.g., Fig. 1 B and D) were obtained through the corresponding filter and dichroic mirror unit (U-MWIB2; Olympus; excitation 450-480 nm∕ emission cutoff 510 nm). In these cases, the 40 × dry objective was used and time-lapse images with 1 s intervals were obtained using a digital color charge-coupled device (CCD) camera (VB-7000; Keyence). Confocal images were obtained using a real-time laser confocal microscope unit (CSU10; Yokogawa Electric) and a cooled high-resolution digital CCD camera (iXon; Andor) with a 30 mW 488 nm Ar∕Kr laser as an excitation light. A 100 × oil-immersion objective was used to obtain time-lapsed 3D confocal images (e.g., Fig. 1 E and F and Fig. S5A ) with a 1-s exposure time.
Evaluation of Budding Probability. In evaluating the budding probability P bud , we judged whether the fused vesicles formed a budded shape within 10 min by observing the recorded sequential images. Increased constriction of the vesicle and the appearance of the septum were judged to represent a budding event. We recorded time-lapse images after fusion five to 40 times for the same condition, which typically included between one and 10 vesicle fusion events in the observation area. With this procedure, we typically obtained more than 100 fusion events in each experimental condition.
